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ABSTRACT 

The f a b r i c a t i o n  problems and device c h a r a c t e r i s t i c s  of ZnSe-GaAs 

and Ge-GaAs h e t e r o j u n c t i o n s  are being s t u d i e d .  The nZnSe-pGaAs 

s t r u c t u r e ,  i n  p a r t i c u l a r ,  i s  being examined because of i t s  p o t e n t i a l  

i n  high-temperature s o l a r  cells .  

Scanning-beam e l e c t r o n  microscopy and t r ansmiss ion  e l e c t r o n  

microscopy s t u d i e s  show t h a t  t h e  p e r f e c t i o n  of t h e  GaAs s u b s t r a t e  and 

i t s  p r e p a r a t i o n  b e f o r e  growth of t h e  ZnSe are ve ry  important i n  de- 

termining t h e  t r a n s i s t o r  behavior  observed. S u b s t i t u t i o n  of a Zn 

d i f f u s i o n  slow-cool p rocess  a f t e r  growth, f o r  t h e  quench p rocess  used 

earlier,  h a s  r e s u l t e d  i n  c u r r e n t  ga in  from (100)GaAs t r a n s i s t o r s ,  

which i s  an o r i e n t a t i o n  t h a t  d i d  n o t  p rev ious ly  show gain.  Various 

ZnSe-GaAs s t r u c t u r e s  were pulsed t o  h igh  c u r r e n t  d e n s i t i e s  i n  a sea rch  

f o r  l i gh t - emis s ion  b u t  no l i g h t  ou tpu t  w a s  de t ec t ed .  
f 

Success w a s  achieved i n  t h e  growth of s i n g l e - c r y s t a l  ZnS on 

(111)GaP by t h e  H C 1  close-spaced t r a n s p o r t  process .  

match h e t e r o j u n c t i o n  s t r u c t u r e  on which almost no previous work has  

been r epor t ed .  Fu r the r  s t u d i e s  of t h e  p a i r  are planned, i n c l u d i n g  

electrical  and e l e c t r o - o p t i c a l  c h a r a c t e r i s t i c s ,  i f  t h e  ZnS r e s i s t i v i t y  

can b e  lowered. Attempts t o  grow ZnTe upon GaSb were f r u s t r a t e d  by 

subs t r a t e -e t ch ing ,  probably caused by t h e  T e  i n  t h e  system. 

This i s  a la t t ice-  

During t h e  r e p o r t  pe r iod ,  recharging of t h e  i o d i n e  system f o r  

the growth of pGe on G a A s  a t  low temperatures ,  l e d  t o  a cons ide rab le  

amount of reqorking of t h e  system. 

is  now i n  a state f o r  f u r t h e r  growth runs.  

. p . :  

This  i s  now complete and t h e  system > 
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1. INTRODUCTION 

The p r o p e r t i e s  of semiconductor h e t e r o j u n c t i o n s  have been under 

s tudy f o r  some y e a r s  now. I n  t h i s  f i e l d ,  an event  of major p r a c t i c a l  

importance has  been t h e  development r e c e n t l y  , by B e l l  Labs , RCA and 

i n  Russia ,  of h e t e r o j u n c t i o n  i n j e c t i o n  lasers w i t h  th re sho ld  c u r r e n t  

d e n s i t i e s  f o r  300°K laser a c t i o n  of less than  a q u a r t e r  of t h e  c u r r e n t  

d e n s i t i e s  r e q u i r e d  of convent ional  GaAs lasers. The o p e r a t i n g  l i f e -  

t i m e  and r e l i a b i l i t y  of G a A s  lasers has  been profoundly a l t e r e d  by 

t h i s  r e c e n t  development. G a A l A s  h e t e r o j u n c t i o n  l a y e r s  are used t o  

provide 'fconfinementff a c t i o n  i n  t h e  laser. 

The work under t h e  p re sen t  c o n t r a c t  i s  n o t  involved d i r e c t l y  w i t h  

i n j e c t i o n  l a s e r s l b u t  w e  are concerned w i t h  discovering as much as 

p o s s i b l e  about t h e  e l e c t r i c a l  and e l e c t r o - o p t i c a l  p r o p e r t i e s  of hetero-  

j u n c t i o n  i n t e r f a c e s .  Conceptually t h e r e  are s i g n i f i c a n t  advantages t o  

b e  hoped f o r  i n  working towards t h e  p e r f e c t i o n  of h e t e r o j u n c t i o n  

p r o p e r t i e s .  

nZnSe-pGaAs s o l a r  c e l l / l a r g e r  than t h a t  of S i  s o l a r  c e l l s  a t  300"K, i n  

t h e  r a t i o  of 13.3 t o  11.9% f o r  a t y p i c a l  c a l c u l a t i o n .  Moreover, a t  

h i g h e r  temperatures ,  s ay  500"K, t h e  p o t e n t i a l  advantage of t h e  he t e ro -  

j u n c t i o n  becomes very pronounced because t h e  energy gap of GaAs i s  

g r e a t e r  t han  t h a t  of S i .  For example a S i  c e l l  may drop t o  below 4% 

i n  e f f i c i e n c y  a t  500°K whereas t h e  e f f i c i e n c y  f o r  GaAs-based s t r u c t u r e s  

remains high.  

For i n s t a n c e  t h e  e f f i c i e n c y  expected of a h e t e r o j u n c t i o n  
1s 

In a comparative s tudy  of t h e  t h e o r e t i c a l  p r o p e r t i e s  of nZnSe- 

pGaAs and nGaAs-pGaAs s o l a r  cells  t h e  h e t e r o j u n c t i o n  s t r u c t u r e  i s  

h i g h e r  i n  e f f i c i e n c y .  This i s  because t h e  f r o n t  f a c e  of a G a A s  c e l l  

must b e  made ve ry  t h i n ,  otherwise t h e  sha rp  photon abso rp t ion  edge and 

t h e  h igh  surface-recombination cause cons ide rab le  carr ier  l o s s .  We 

have suggested t h a t  a h e t e r o f a c e  s t r u c t u r e ,  such as nZnSe-nGaAs-pGaAs 

could reduce t h e  s u r f a c e  recombination e f f e c t  and improve G a A s  s o l a r  

ce l l  performance. B u i l t - i n  f i e l d s  may a l s o  b e  added t o  a l l  of t h e s e  

s t r u c t u r e s ,  w i t h i n  t h e  l i m i t a t i o n s  o f  t h e  f a b r i c a t i o n a l  procedures t h a t  

have been developed, t o  improve c o l l e c t i o n  e f f i c i e n c y .  

I n  a d d i t i o n  t o  t h e  s o l a r  c e l l  p o t e n t i a l  t h e  h e t e r o j u n c t i o n  

s t r u c t u r e s  are a l s o  of i n t e r e s t  as s e n s o r s  of o p t i c a l  s i g n a l s ,  and 

p o s s i b l y  as s o l i d - s t a t e  i n f r a - r ed  image up-converters.  
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A t  p r e s e n t  most h e t e r o j u n c t i o n  s t r u c t u r e s  are l i m i t e d  i n  per- 

formance by recombination at t h e  i n t e r f a c e  between t h e  two semi- 

conductors.  The e f f e c t  i s  b e s t  s t u d i e d  by t h e  f a b r i c a t i o n  of 

h e t e r o j u n c t i o n  t r a n s i s t o r s  s i n c e  t h e  ga in  of such s t r u c t u r e s  provides  

information on how t h e  c u r r e n t  d i v i d e s  between t h e  i n j e c t e d  and re- 

combination components. Discussion of  h e t e r o j u n c t i o n  t r a n s i s t o r  be- 

hav io r  t h e r e f o r e  is  an ex tens ive  p a r t  of t h i s  q u a r t e r l y  r e p o r t .  Good 

p rogres s  has  been made i n  understanding t h e  e lectr ical  p r o p e r t i e s  of 

ZnSe/GaAs s t r u c t u r e s  i n  r e l a t i o n  t o  t h e  d e t a i l s  of f a b r i c a t i o n  tech- 

nology. However, t h e r e  is  much s t i l l  t o  b e  l ea rned  h e r e ,  and w e  have 

n o t  y e t  obtained t h e  specimens needed f o r  o p t i c a l  s t u d i e s .  

A h i g h l i g h t  of t h e  work during t h e  q u a r t e r  h a s  been discovery 

t h a t  ou r  H C 1  t r a n s p o r t  system i s  capable  of growing good ZnS l a y e r s  on 

s i n g l e - c r y s t a l  GaP s u b s t r a t e s .  This  is  a l a t t i ce -ma tch  s i t u a t i o n  and 

t h e r e f o r e  a p o t e n t i a l l y  worthwhile h e t e r o j u n c t i o n .  However, w e  know 

of only one previous r e f e r e n c e  t o  such growths and t h i s  does n o t  examine 

t h e  e lectr ical  o r  e l e c t r o - o p t i c a l  p r o p e r t i e s  of t h e  p a i r .  W e  p l a n  t o  

begin such s t u d i e s  i n  t h e  nex t  few months t o  determine information 

about i n j e c t i o n  and c o l l e c t i o n  p r o p e r t i e s  of t h e  p a i r .  ZnS i s  of 

course w e l l  known f o r  i t s  e l ec t ro luminescen t  propert ies3and GaP is  a l s o  

a l i g h t  emitter w i t h  i n j e c t i o n  under s u i t a b l e  doping cond i t ions .  

2.  EXAMINATION OF ZnSe/GaAs TRANSISTOR INTERFACES 

W e  have cont inued t o  look  f o r  some d i f f e r e n c e  a t  (111) and (100) 

i n t e r f a c e s  of i d e n t i c a l l y  f a b r i c a t e d  ZnSe-GaAs t r a n s i s t o r s  t h a t  might 

e x p l a i n  t h e  f a i l u r e  of (100) t r a n s i s t o r s  t o  show gain wh i l e  t h e i r  

i d e n t i c a l  (111) c o u n t e r p a r t s  show c u r r e n t  ga ins  as high as 35. It is  

be l i eved  t h a t  d i s l o c a t i o n s  generated a t  t h e  ZnSe-GaAs i n t e r f a c e  are 

r e s p o n s i b l e  f o r  t h i s  behavior .  D i s l o c a t i o n s  a t  t h e  i n t e r f a c e  can ar ise  

from l a t t i c e  mismatch ( m i s f i t  d i s l o c a t i o n s ) ,  Zn d i f f u s i o n  ( m i s f i t  d i s -  

l o c a t i o n s ) ,  and d i f f e r e n c e s  i n  thermal c o e f f i c i e n t  of expansion between 

ZnSe and G a A s  ( s l i p ) .  S l i p  on (111) p lanes  can become a s e r i o u s  problem 

above 500°C where both growth and thermal quenching occur.  

e f f e c t s  of d i s l o c a t i o n s  a t  t h e  i n t e r f a c e  are an i n c r e a s e  i n  d e f e c t  

(non-inject ing)  c u r r e n t  and a l o s s  i n  gain.  D i s l o c a t i o n s  p e n e t r a t i n g  

i n t o  t h e  GaAs base  r eg ion  could s e r i o u s l y  reduce l i f e t i m e  and gain.  I f  

g r e a t e r  d e n s i t i e s  of d i s l o c a t i o n s  appear a t  (100) i n t e r f a c e s ,  than a t  

The major 
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(111) i n t e r f a c e s ,  a p o s s i b l e  exp lana t ion  of t h e  o r i e n t a t i o n  e f f e c t  

would exist .  

Seve ra l  i d e n t i c a l l y - f a b r i c a t e d  (from t h e  same G a A s  boule) (111) 

and (100) ZnSe-GaAs t r a n s i s t o r s  w e r e  examined on t h e  scanning beam 

e l e c t r o n  microscope (SBEM) and t h e  t r ansmiss ion  e l e c t r o n  microscope 

(TEM) a t  Westinghouse Research Labora to r i e s .  The SBEM w a s  ope ra t ed  

mostly i n  t h e  cha rge -co l l ec t ion  mode, b u t  t h e  secondary emission mode 

( o p t i c a l )  was f r e q u e n t l y  used t o  check t h e  d i f f e r e n c e  between i t  and 

t h e  conduction mode. The secondary emission mode can n o t  see s m a l l  

e lectr ical  p e r t u r b a t i o n s  such as d i s l o c a t i o n s  and t y p i c a l l y  y i e l d s  a 

p i c t u r e  resembling t h a t  of an o p t i c a l  microscope except t h a t  t h e  

depth of f i e l d  i s  enormous. The cha rge -co l l ec t ion  mode i s  capable  

of s e e i n g  only e l e c t r i c a l l y  active d i s l o c a t i o n s  and can r e s o l v e  them 

i n t o  i n d i v i d u a l  l i n e s  provided they are  more than 300 A a p a r t .  Thus, 

t h e  maximum r e s o l v i n g  power of t h e  SBEM is about 105cm-2 d i s l o c a t i o n s .  
8 -2 The TEM can e a s i l y  r e s o l v e  107-10 c m  

and i n a c t i v e )  and i s  a necessary t o o l  f o r  uncovering high d e n s i t i e s  of 

d i s l o c a t i o n s .  

beam b r i g h t  f i e l d  cond i t ions .  

0 

d i s l o c a t i o n s  ( e l e c t r i c a l l y  active 

For t h i s  examination t h e  TEM w a s  operated under two- 

Typical  devices  were mounted on headers  and examined on t h e  SBEM. 

Then t h e  same devices  were removed from t h e  headers  and prepared f o r  

t h e  TEM. 

t h inn ing  from t h e  c o l l e c t o r  back-side w i t h  a bromine-methanol j e t  e t c h .  

Only one set  of dev ices  w a s  s u c c e s s f u l l y  thinned because e t c h i n g  of [lll) 

f a c e s  i s  extremely d i f f i c u l t  and f r e q u e n t l y  r e s u l t s  i n  cracked o r  

punched through specimens. For run TR-21 a (111)A and (100) ZnSe-GaAs 

i n t e r f a c e  p a i r  w a s  s u c c e s s f u l l y  thinnedpwith t h e  (111)B i n t e r f a c e  crack- 

ing.  However, TEM examination continued on t h e  two s u c c e s s f u l  i n t e r f a c e s .  

TEM specimen p r e p a r a t i o n  cons i s t ed  of removing t h e  ZnSe and 

Run TR-21 c o n s i s t e d  of growing a 3 pm l a y e r  of ZnSe upon ( 1 1 1 ) B  and 

(100) n t y p e  G a A s  and a 1 .5  pm l a y e r  of ZnSe upon ( 1 1 1 ) A  n t y p e  G a A s  a l l  

c u t  from t h e  same boule  of "zero" d i s l o c a t i o n  d e n s i t y  G a A s .  

material h a s  shown no more than 102cm-' d i s l o c a t i o n s  a f t e r  d i s l o c a t i o n  

e t ch ing .  The growth ra te  upon (111)B and (100) G a A s  s u r f a c e s  i s  t w i c e  

This 

t h a t  upon (111)A G a A s  s u r f a c e s  and accounts  f o r  t h e  d i f f e r e n c e  i n  ZnSe 

grown l a y e r  t h i ckness .  A l l  t h r e e  o r i e n t a t i o n s  were then s imultaneously 

sub jec t ed  t o  t h e  Zn diffusion-quench s t e p  of base  formation (650°C, 5 

min.). The c h a r a c t e r i s t i c s  of t h e s e  t r a n s i s t o r s  are given i n  Table I. 
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Orien t  a t  i o n  

ZnSe th ickness ,  pm 

Base Width, pm 

Table I E l e c t r i c a l  C h a r a c t e r i s t i c s  of ZnSe - GaAs T r a n s i s t o r s  . 

!I'4?-21processed i d e n t i c a l l y .  Zn d i f f u s i o n  a t  650 C f o r  5 minutes.  
0 

(111)A (111)B j100) 
1.5  2.5 2.5 

.75 .25 .25 

Coll-Base Rev. breakdown v o l t a g e , v o l t s  18  8 1 2  

E n d t - B a s e  Rev. breakdown vo l t age ,  v o l t s  15  10 10  

03 ZnSe r e s i s t i v i t y ,  ohm-cm lo5  5 x 10 3 l o 4  
2-5 . None None h f e  



The low g a i n  of t h e  ( 1 1 1 ) A  t r a n s i s t o r ,  can be  explained by i t s  

l a r g e  basewidth which i s  a r e s u l t  of h i g h e r  Zn concen t r a t ion  and 

p e n e t r a t i o n  allowed by i t s  t h i n n e r  emitter region.  The (100) s t r u c t u r e  

shows t h e  t y p e  of behavior  p rev ious ly  seen, namely no t r a n s i s t o r  gain.  

The ( 1 1 1 ) B  t r a n s i s t o r  ought t o  have a g a i n  of a t  least 5. 

ever, i t s  abnormally low emit ter-base and co l l ec to r -base  reverse 

breakdown v o l t a g e s  i n d i c a t e  the p o s s i b i l i t y  of abnormally h igh  d i s l o -  

c a t i o n  d e n s i t i e s  i n  and around t h e  base  region.  

t r a n s i s t o r ,  which never  works, a l s o  has  lower reverse breakdown 

v o l t a g e s  than t h e  (111) G a  t r a n s i s t o r .  This i s  the f i r s t  t i m e  t h a t  a 

( 1 1 1 ) A s  t r a n s i s t o r  has  n o t  had c u r r e n t  g a i n ,  and t h i s  anomalous be- 

hav io r  sugges t s  t h a t  SBEM and TEM should show d i s l o c a t i o n s  p r e s e n t .  

Figs .  1, 2 and 3 show SBEM cha rge -co l l ec t ion  micrographs of t h e  t r a n s i s -  

t o r s .  Secondary emission micrographs w e r e  i d e n t i c a l  t o  o p t i c a l  micro- 

scope photographs and are n o t  shown. The cha rge -co l l ec t ion  modes uses  

either t h e  emit ter-base o r  base -co l l ec to r  open-circui t  v o l t a g e  t o  

modulate t h e  i n t e n s i t y  of a CRT tube and i s  s e n s i t i v e  t o  e lectr ical  

p e r t u r b a t i o n s  a d i f f u s i o n  l e n g t h  (1-2 pm) on e i t h e r  s i d e  of t h e  

j u n c t i o n s .  Grids of d i s l o c a t i o n  traces running a t  60" t o  each o t h e r  

are seen i n  t h e  base  of t h e  ( 1 1 1 ) A s  t r a n s i s t o r  whereas t h e  (111)Ga 

t r a n s i s t o r  shows no observable  e l e c t r i c a l l y  active d i s l o c a t i o n s .  

D i s l o c a t i o n s  were n o t  def ined w e l l  enough t o  be resolved a t  h i g h e r  

magnif icat ion.  This i s  t h e  f i r s t  t i m e  t h a t  w e l l  ordered d i s l o c a t i o n s  

were seen i n  (111) t r a n s i s t o r s  (and t h e  f i r s t  t i m e  t h a t  one d i d  n o t  

work). Some dark b l o t c h e s  were seen i n  p a r t s  of  o t h e r  (111) t r a n s i s -  

t o r  bases  vnder h igh  magn i f i ca t ion  b u t  w e r e  be l i eved  t o  be  i n c l u s i o n s  

o r  p r e c i p i t a t e s .  These same b l o t c h e s  were a l s o  seen wi th  v a r i o u s  

d e n s i t i e s  on (100) t r a n s i s t o r s .  The f a c t  t h a t  t h e  d i s l o c a t i o n s  remain 

a f t e r  ZnSe removal i n d i c a t e s  t h a t  p l a s t i c  deformation of t h e  GaAs has  

occurred. The p e n e t r a t i o n  of t h e  d i s l o c a t i o n s  from t h e  i n t e r f a c e  i n t o  

t h e  c o l l e c t o r  o r  back i n t o  t h e  ZnSe could n o t  b e  d e f i n i t e l y  a s c e r t a i n e d  

s i n c e  t h e  beam could n o t  be made t o  pas s  through t h e  c o l l e c t o r  i n t o  

t h e  base o r  through t h e  base i n t o  t h e  ZnSe. By a p p r o p r i a t e  grounding 

of t e rmina l s  and lowered beam v o l t a g e s ,  i t  w a s  concluded t h a t  d i s loca -  

t i o n s  d i d  n o t  extend very f a r  i n t o  t h e  ZnSe. X-ray topographs of ZnSe 

l a y e r s  i n d i c a t e  excess ive  s t r a i n .  Consequently a g r e a t  d e a l  of  s t r a i n  

may be i n  t h e  t h i n  l a y e r  of ZnSe wi th  l i t t l e  r e l i e f  by d i s l o c a t i o n s .  

How- 

Note t h a t  the (100) 
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Fig, 1 CONDUCTION mode SBEM micrograph (25KV) of the base 
region of TR-21-111-As. 
Emitter and collector grounded (the transistor has two emitter 
regions), Modulating voltage is from base to collector (emitter). 
Two grids of dislocation lines at 60" to each other are barely 
evident in the base region. 
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Fig.  2 Conductionmode SBEN micrograph (25KV) of t h e  Base reg ion  
of TR-21-111-Ga. E m i t t e r  and c o l l e c t o r  grounded. Modulating v o l t -  
age i s  from base  t o  c o l l e c t o r  (emitter). N o  d i s l o c a t i o n s  are ob- 
served.  
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Fig. 3 Conduction mode SBEM micrograph (25KV) of the base region 
of Tr-21-100. Emitter and collector grounded. Modulation voltage 
is from base to collector (emitter). Electrically active growth 
striations are observed. 
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The (100) t r a n s i s t o r  (Fig.  3) shows noth ing  t h a t  resembles t r a c e s  

of d i s l o c a t i o n s .  The bands t h a t  are seen  i n  t h e  base  region (and do 

. n o t  p e n e t r a t e  i n t o  t h e  ZnSe) are be l i eved  t o  be growth s t r i a t i o n s .  

They are not  seen o p t i c a l l y  o r  by t h e  SBEM secondary emission mode 

and are t h e r e f o r e  considered t o  be e l e c t r i c a l l y  a c t i v e .  

s t r i a t i o n s  are seen i n  a l l  (100) t r a n s i s t o r s  by both SBEM and e t ch ing  

techniques ( t o  b e  d iscussed)  b u t  are never  p re sen t  i n  (111) t r a n s i s t o r s  

c u t  from t h e  same boule  o r  any o t h e r  boule .  

(100) s u b s t r a t e s  be fo re  growthyare n o t  p re sen t  i n  (111) s u b s t r a t e s ,  

cannot be removed chemical ly ,  and are probably a r e s u l t  of t h e  GaAs 

manufacture. Many such growth s i t u a t i o n s  have been r epor t ed  i n  t h e  

l i t e r a t u r e ,  e s p e c i a l l y  wi th  Te  doped boat-grown and melt-pul led G a A s .  

The c r y s t a l s  used i n  t h i s  s tudy  were a l l  (111) Czochralski  grown and 

doped wi th  Sn. For t h i s  type  of growth, s t r i a t i o n s  arise as a r e s u l t  

of c y c l i c  temperature  f l u c t u a t i o n s  during growth. If t h e  p u l l  d i r e c t i o n  

i s  ( l l l ) ,  then s t r i a t i o n s  r e s i d e  i n  (111) p lanes  and i n t e r s e c t  (100) 

p lanes  as l i g h t  and dark bands. These s t r i a t i o n s  are known t o  i n c r e a s e  

t h e  l a s i n g  c u r r e n t  th reshold  of GaAs p-n j u n c t i o n  lasers because they 

con ta in  p r e c i p i t a t e s  which inc rease  l i g h t  absorp t ion .  

These 

They are p resen t  i n  a l l  

Since t h e  s t r i a t i o n s  appear t o  b e  e l e c t r i c a l l y  a c t i v e ,  i t  i s  

‘poss ib l e  t h a t  they are in f luenc ing  (100) t r a n s i s t o r  behavior .  These 

s t r i a t i o n s  are probably a l s o  a c t i v e  on (111) p l anes  but  are unobservable 

by SBEM techniques s i n c e  they l i e  uniformly i n  t h e  p lane  of i n t e r e s t .  

The f a i l u r e  of t h e  (111)As t r a n s i s t o r  may be  due t o  growth on a p a r t i c u l a r l y  

bad (111) s t r i a t i o n  plane.  Bad i n  t h i s  s ense  might mean a h igh  d e n s i t y  

of p r e c i p i t a t e s  which might e f f e c t  t h e  l a t t i c e  cons tan t  o r  thermal  co- 

e f f i c i e n t  of expansion enough t o  warrant  t h e  formation of an abnormally 

h igh  d i s l o c a t i o n  dens i ty  a f t e r  temperature cyc l ing .  I f  a good (111) 

s t r i a t i o n  p l ane  i s  chosen f o r  growth, then t h e  t r a n s i s t o r  works normally.  

Although t h e s e  arguments a r e  t e n t a t i v e t t h e y  are t h e  only explana t ion  of 

t h e  o r i e n t a t i o n  e f f e c t  i n  ZnSe-GaAs h e t e r o j u n c t i o n  t r a n s i s t o r s  t h a t  w e  

can o f f e r  a t  t h e  p re sen t  t i m e .  

Figs .  4 and 5 show TEM micrographs of TR-21 f o r  (111)A and (100) 

o r i e n t a t i o n s .  Unfortunately t h e  i n t e r e s t i n g  t r a n s i s t o r ,  TR-21-11lAsY 

cracked whi le  th inning .  It was hoped t h a t  t h e  d i s l o c a t i o n s  seen  i n  t h i s  

t r a n s i s t o r  by t h e  SBEM (Fig.  1 )  could be resolved f o r  o r i e n t a t i o n  and 

dens i ty .  Edge d i s l o c a t i o n s  i n  <110> and <112> l i n e s  are seen i n  t h e  

(111)A t r a n s i s t o r  and are t y p i c a l  of both m i s f i t  and s l i p  viewed i n  t h e  
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Fig.  4 
t o  f o i l .  Edge d i s l o c a t i o n s  running i n  <11b and <11b d i r e c t i o n s  
are observed. 

TEM micrograph of TR-21-111 Ga. 80 KV Beam perpendicular  

F ig .  5 TEM micrograph of TR-21-100. 80 KV Eeam perpendicular  
t o  f o i l .  Only s c r a t c h e s  are observed. 
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(111) plane  f o r  FCC c r y s t a l s .  

determined. These were d e f i n i t e  edge d i s l o c a t i o n s  s i n c e  (1) they 

could be  made t o  go i n  and out  of c o n t r a s t ,  and (2) they d id  not  go 

ou t  of c o n t r a s t  e n t i r e l y .  Thei r  d e n s i t y ,  a l though no t  uniform a t  

t h i s  magni f ica t ion ,  w a s  averaged t o  be  about 2 - 5 x 10 cm which 

The Burgers v e c t o r  d i r e c t i o n  w a s  no t  

4 -2 

is  lower than previous  d i s l o c a t i o n  d e n s i t y  s t u d i e s  on t r a n s i s t o r  bases  

us ing  chemical e t ches .  A s imple c a l c u l a t i o n  of m i s f i t  d i s l o c a t i o n  

spacing i n  n a t u r a l  ZnSe-GaAs i n t e r f a c e s  g ives  a va lue  of about 0 .3  pm 

i n d i c a t i n g  t h a t  m i s f i t  d i s l o c a t i o n s  would be much more c l o s e l y  spaced 

than  any d i s l o c a t i o n  seen i n  Fig.  4 .  However, any s l i g h t  i n c r e a s e  i n  t h e  

l a t t i ce  cons t an t s  d i f f e r e n c e  could i n c r e a s e  t h e  d i s l o c a t i o n  spac ing  by 

a t  least an o r d e r  of magnitude. A t  t h i s  p o i n t  i t  i s  n o t  clear whether .  

t h e  d i s l o c a t i o n  seen  i n  Fig.  4 are m i s f i t ,  s l i p ,  o r  even i n c l i n e d  d i s -  

l o c a t i o n s  t h a t  bend o u t  of t h e  f o i l  p lane .  There i s  no guarantee  t h a t  

they are e l e c t r i c a l l y  a c t i v e  s i n c e  none w e r e  seen  by SBEM techniques.  

Fig.  5 shows a TEM micrograph of t h e  (100) o r i e n t e d  t r a n s i s t o r  

TR-21-100. Here noth ing  t h a t  resembled d i s l o c a t i o n s  w a s  seen .  Only 

s t r a i g h t  l i n e s  were observed t h a t  showed no c o n t r a s t  v a r i a t i o n  as t h e  

sample w a s  t ipped .  For t h i s  reason t h e s e  l i n e s  were be l i eved  t o  b e  

sc ra t ches .  

bu t  do n o t  show any s t r a i n  p a t t e r n .  These s p o t s  are n o t  observed i n  t h e  

( 1 1 l ) A  t r a n s i s t o r  (Fig.  4 ) .  The presence of t h e  s c r a t c h e s  w a s  a sur -  

p r i s e  and suggested some def ic iency  i n  our  f i n a l  sample p repa ra t ion  

technique.  Accordingly,  a s tudy  of t h e s e  techniques w a s  undertaken. 

This w a s  done by s u b j e c t i n g  as-pol ished and f i n a l  e tched (100) and (111) 

n-type G a A s  t r a n s i s t o r  s u b s t r a t e s  ( cu t  from t h e  same boule) t o  t h e  GaAs 

AB d i s l o c a t i o n  e t c h  (2 m l  HZO, 8 rng AgNO 

This  e t c h  r e a d i l y  reveals s c r a t c h e s  and d i s l o c a t i o n s .  

Also observed are small s p o t s  which might be p r e c i p i t a t e s  

l g  C r 0 3 ,  1 m l  HF 75°C). 3' 

As-polished samples were hand lapped t o  1 Um wi th  A 1  0 g r i t  and 

then pol i shed  wi th  a 1 :3  chlorox: H 0 s o l u t i o n  on a pe l lon  pad t o  re- 2 
move 1-2 mi l s  of material. Surfaces  r e s u l t i n g  from t h i s  t rea tment  are 

o p t i c a l l y  f l a t  and smooth wi th  no s c r a t c h e s .  A s  a f i n a l  e t c h  be fo re  

growth (100) and (11l)As samples are e tched  i n  an K2S04:H202:H20 ( 5 : l : l )  

s o l u t i o n  a t  90°C u n t i l  10 pm of material i s  removed. 

are etched i n  a ch1orox:water (1:3, 1:2)  s o l u t i o n  a t  70"-90°C. 

2 3  

(111)A samples  
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Figs .  6 and 7 show t h e  r e s u l t s  of d i s l o c a t i o n  e t ch ing  (111)As and (100) 

s u r f a c e s  a f t e r  ch lorox  po l i sh ing  b u t  be fo re  peroxide e tch ing .  The (111) 

s u r f a c e  i s  badly sc ra t ched  whi le  t h e  (100) s u r f a c e  shows p i t s  which 

could b e  t h e  traces of s c r a t c h e s  f a r t h e r  below t h e  su r face .  

counts  are 10 -105cm--2 which i s  2-3 o r d e r s  of magnitude h ighe r  than 

be fo re  po l i sh ing .  A f t e r  t h e s e  samples are repol i shed ,  t r e a t e d  wi th  t h e  

su l fu r i c -pe rox ide  f i n a l  e t c h ,  and r e sub jec t ed  t o  t h e  d i s l o c a t i o n  e t c h ,  

t h e  r e s u l t i n g  s u r f a c e s  are much improved. Figs .  8 and 9 g ive  t h e  r e s u l t s .  

The (111) s u r f a c e  i s  f e a t u r e l e s s  whi le  t h e  100 s u r f a c e  shows some s p i r a l  

loops which may be  h e l i c a l  d i s l o c a t i o n s .  Note t h a t  t h e  d i s l o c a t i o n  e t c h  

reveals t h e  f a m i l i a r  growth s t r i a t i o n s  seen on (100) s u r f a c e s .  From 

these  r e s u l t s  w e  conclude t h a t  our p o l i s h i n g  technique i s  capable  of 

producing sc ra t ch - f r ee  su r faces .  However, t h i s  does no t  exclude t h e  

p o s s i b i l i t y  t h a t  t h e  s c r a t c h e s  seen i n  Fig.  5 w e r e  due t o  poor technique.  

I n  t h e  f u t u r e  w e  w i l l  be  extremely c a r e f u l  i n  our  f i n a l  sample prepara-  

Etch p i t  
4 

t i o n  techniques.  

Resul t s  from t h e  SBEM and TEM s t u d i e s  have y i e lded  t h e  fol lowing 

observa t ions .  

(1) Growth s t r i a t i o n s  may e x i s t  i n  t h e  GaAs material w e  used f o r  

ZnSe-GaAs t r a n s i s t o r s .  They are e l e c t r i c a l l y  a c t i v e  and 

appear t o  be on (111) p lanes .  

t h e  ga in -o r i en ta t ion  e f f e c t  t h a t  w e  observe.  

They probably c o n t r i b u t e  t o  

(2) (111) t r a n s i s t o r s  wi th  abnormally h igh  e l e c t r i c a l l y  a c t i v e  

d i s l o c a t i o n  d e n s i t i e s  show no ga in  i n d i c a t i n g  a d i r e c t  re- 

l a t i o n s h i p  between d i s l o c a t i o n s  and t r a n s i s t o r  performance. 
4 -2 (3) Dis loca t ion  d e n s i t i e s  as high as 5 x 10 c m  can b e  

t o l e r a t e d  i n  t h e  base reg ion  of normally ope ra t ing  (111) 

t r a n s i s t o r s .  It i s  no t  c e r t a i n  whether t h e s e  d i s l o c a t i o n s  

are e l e c t r i c a l l y  a c t i v e .  

A t  p re sen t  i t  i s  no t  c e r t a i n  whether s l i p  O r  m i s f i t  i s  

r e spons ib l e  f o r  t h e  observed d i s l o c a t i o n s .  

The ZnSe emitter l a y e r  i s  under cons iderable  s t r a i n  and 

does no t  show d i s l o c a t i o n s  when viewed wi th  t h e  SBEM. 

( 4 )  

(5) 

(6) D i s loca t ions  are not  observed f o r  (100) t r a n s i s t o r s  by 

e i t h e r  SBEM o r  TEM techniques.  
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Fig. 6 Chlorox "As-polished" ( 1 1 1 ) B  Fig.  7 Chlorox "As-polished" (100) 
Bulk GaAs Surface a f t e r  AB d i s l o c a t i o n  Bulk GaAs Surface a f t e r  AB d i s l o c a t i o n  
e t c h .  e t c h .  

Fig.  8 Surface of  Fig.  6 by repol-  Fig.  9 Surface of Fig.  7 by repol-  
i s h i n g  i n  chlorox,  e t c h i n g  i n  H SO i s h i n g  i n  chlorox,  e t c h i n g  i n  H SO 
H 0 -H 0 e t c h  and t r e a t i n g  with AB 

d i s l o c a t i o n  e t c h .  AB d i s l o c a t i o n  e t ch .  

4- 2 '  4- H 0 -H 0 e t c h ,  and t r e a t i n g  w i d  2 2  2 2 2  2 
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W e  p l a n  t o  cont inue a l i m i t e d  number of experiments a long t h e  l i n e s  

p re sen ted  t o  g a t h e r  more information on t h e  o r i e n t a t i o n  e f f e c t  

3. ACHIEVEMENT OF G A I N  I N  (100) TRANSISTORS 

A s  a r e s u l t  of t h e  previous s t u d i e s  w e  considered changes i n  ou r  

f a b r i c a t i o n  technique t h a t  might reduce ZnSe-GaAs i n t e r f a c e  d i s l o c a t i o n s ,  

s i n c e  t h e s e  d i s l o c a t i o n s  appear  t o  b e  t h e  sou rce  of low ga in  i n  t r a n s i s -  

t o r s .  

vapor t reatment  during cool-down i n  t h e  growth system. This  t reatment  

i nvo lves  no r a p i d  temperature v a r i a t i o n s  and has  p rev ious ly  been used t o  

reduce grown ZnSe r e s i s t i v i t y  t o  l o 3  ohm-cm i n  ZnSe-Ge devices .  

I n  p a r t i c u l a r  w e  r ep laced  t h e  Zn diffusion-quenching s t e p  w i t h  a Zn 

c 

I n  t h i s  method a q u a r t z  b o a t  charged w i t h  Zn i s  placed i n  t h e  growth 

tube  s o  t h a t  i t  is  n o t  a t t a c k e d  by H C 1  during ZnSe growth.As t h e  ZnSe 

grown l a y e r  i s  coo l ing  down a f t e r  growth, t h e  q u a r t z  b o a t ,  p rev ious ly  

unheated, i s  s lowly hea ted  up t o  700-800°C s o  t h a t  i t  reaches i t s  maximum 

temperature  when t h e  ZnSe h a s  cooled t o  580-600°C. H i s  passed ove r  t h e  2 
h o t  z i n c  s o  t h a t  i t s  vapor i s  swept over  t h e  ZnSe u n t i l  t h e  growth h a s  

cooled t o  430°C. Then both t h e  Zn and ZnSe are allowed t o  f r e e  coo l  t o  

room temperature .  A t  t h e  h ighe r  temperatures  Zn d i f f u s i o n  i n  G a A s  i s  

r a p i d  enough t o  form a base  region i n  t h e  G a A s ,  whereas a t  lower tempera- 

t u r e s  t h e  presence of Zn p reven t s  self-compensation by Zn vacancies  i n  

ZnSe. 

f a b r i c a t i o n )  i s  necessary t o  achieve s m a l l  ba se  widths  w i t h  l a r g e  con- 

c e n t r a t i o n  g r a d i e n t s .  

be  i n j u r i o u s  t o  dev ice  p r o p e r t i e s ,  does n o t  c r ack  3 pm grown l a y e r s ,  and 

makes p rocess  c o n t r o l  somewhat easier. The e n t i r e  process  i s  q u i t e  

t ed ious .  

a t u r e  can e a s i l y  produce basewidths t h a t  are t o o  l a r g e .  

technique i s  almost an a r t ,  i t  w a s  n o t  t r i e d  a t  an ear l ier  s t a g e .  The 

base d i f f u s i o n  t i m e s  and temperatures  obtained from p rev ious ly  quenched 

t r a n s i s t o r s  w e r e  an i n v a l u a b l e  a i d  i n  determining t h e  time-temperature 

schedule  f o r  t h e  new process .  It i s  almost impossible  t o  assess t h e  

e f f e c t i v e  d i f f u s i o n  t i m e s  and temperatures  i n  t h i s  process .  Base reg ion  

carrier concen t r a t ion  p r o f i l e s  w i l l  have t o  b e  taken t o  p rope r ly  

e v a l u a t e  t h e  devices  made by t h i s  process .  

s i o n  t i m e  and temperature may b e  deduced. 

A coo l ing  ra te  of 3OC/min. ( f a s t e r  than used i n  ZnSe/Ge device 

The f a s t e r  coo l ing  rate h a s  no t  been found t o  

Cooling t o o  slowly o r  s t a r t i n g  t o  d i f f u s e  a t  t o o  h i g h  a temper- 

Because t h e  

Then an "e f f ec t ive"  d i f f u -  
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Amazingly s u c c e s s f u l  r e s u l t s  w e r e  ob ta ined  us ing  t h i s  new process .  

The f i r s t  devices  a t tempted,  TR-23, w e r e  f a b r i c a t e d  from s c r a p  G a A s ,  
16 -3 ( 1 1 1 ) A s  o r i e n t e d ,  and T e  doped t o  2 x 10 c m  . The d i s l o c a t i o n  

d e n s i t y  of t h i s  material b e f o r e  f a b r i c a t i o n  w a s  of t h e  o r d e r  of 

5 x 10 c m  . Although i n f e r i o r  from a s t andpo in t  of i n i t i a l  d e f e c t s  

and T e  doping, t h i s  material produced some t r a n s i s t o r s  w i th  common- 

emitter c u r r e n t  ga ins  as high as 150 (with correspondingly h i g h  ZnSe 

r e s i s t i v i t y  of 5 x lo5  R-cm). 

t y p i f i e d  by t h e  TR-23 d a t a  p re sen ted  i n  Table I1 and Fig.  10. 

E m i t t e r  c u r r e n t  d e n s i t y  w a s  l i m i t e d  by h igh  ZnSe r e s i s t i v i t y  s o  t h a t  

maximum g a i n  w a s  t y p i c a l l y  50-70. 

ga in  beg ins  t o  i n c r e a s e  r ap id ly .  Again t h e  g a i n  varies as a f r a c t i o n a l  

power of t h e  emitter c u r r e n t  which w e  have found t o  b e  common i n  

h e t e r o j u n c t i o n  t r a n s i s t o r s .  

5 -2 

Most t r a n s i s t o r s  from t h i s  run were 

Note t h a t  a t  J = 3 Amp/cm2 t h e  E 

I n i t i a l  success  prompted a simultaneous growth on (111)As and (100) 

zero" d i s l o c a t i o n  d e n s i t y  samples c u t  from a s i n g l e  boule.  The Zn I 1  

diffusion-slow-cool process  w a s  used. Although t h e  base width w a s  

l a r g e r  t han  expected ( .7  pm), both o r i e n t a t i o n s  showed normal t r a n s i s -  

t o r  a c t i o n  w i t h  t h e  (100) t r a n s i s t o r  having a s l i g h t  edge i n  ga in  p o s s i b l y  

due t o  i t s  h i g h e r  ZnSe r e s i s t i v i t y .  The r e s u l t s  f o r  t h e s e  t r a n s i s t o r s ,  

TR-24, are p resen ted  i n  Table I1 and Fig.  10-13. Fig.  11 shows t h e  

emit ter-base c h a r a c t e r i s t i c  t y p i c a l  of bo th  o r i e n t a t i o n s .  Fig.  12 

compares base -co l l ec to r  c h a r a c t e r i s t i c s  f o r  bo th  o r i e n t a t i o n s .  I n  a l l  

t r a n s i s t o r s  from t h i s  run (100) o r i e n t a t i o n s  produced b e t t e r  reverse 

base -co l l ec to r  c h a r a c t e r i s t i c s  t han  d i d  (111) o r i e n t a t i o n .  The reason 

f o r  th i s  i s  n o t  understood. Fig. 13 shows t h e  common-emitter cha rac t e r -  

i s t i c s .  The looping i n  t h e  f l a t  p o r t i o n  of t h e  curves i s  due t o  h igh  

ZnSe r e s i s t i v i t y  h y s t e r e s i s  ( t r a p s ,  d e f e c t s ,  etc.) and can b e  e l imina ted  

by d-c p l o t t i n g .  

o r i e n t a t i o n s .  

Fig.  10 shows a similar i n j e c t i o n  behavior  f o r  bo th  

It now appears  that  o r i e n t a t i o n  e f f e c t s  on i n j e c t i o n  can b e  

e l imina ted  by slow coo l ing ,  and t h a t  quenching i s  a harmful p rocess ing  

technique. Fu tu re  t r a n s i s t o r s  w i l l  be  made bjr t h e  slow coo l ing  process .  

Thus some p rogres s  h a s  been made toward exp la in ing  and reducing o r i e n t a -  

t i o n  e f f e c t s  on g a i n  i n  ZnSe-GaAs t r a n s i s t o r s .  
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Table I1 Comparison of TR-23 and TR-24 Transistors 

2 ZnSe ZnSe Bas ewidth h 
Trans is tor Orientation Thickness, Um Res is tivity , ohm-cm I.lm (at :~~lA/crn’) (atffE=lOA./cm ) 

4 TR-23 (11l)As 2.5 5 x 10 

TR-24 (111)As 2.5 2 lo3 

3 TR-24 (100) 2.5 5 x 10 

0.2 32 - 
0.7 .22 .75 

0.7 .80 1.8 

h) 
0 



/ TR - 2 4  
1 As 

45 

1.0 LO 

EMITTER CURRENT DENSITY, A r n p s / c m 2  

F i g .  10  Comparison of hfe vs. JE f o r  TR-24 (100) and (111) As O r i e n t a t i o n s .  

High ga in  t r a n s i s t o r  TR-23 a l s o  included.  
. .  
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Fig., 13 Comparison of Common-Emitter c h a r a c t e r i s t i c s  of (111)As 
and (100) TR-24 T r a n s i s t o r s  
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4. ZnSe-GaAs TRANSISTORS USING EPITAXIAL GaAs 

The use of commercially a v a i l a b l e  e p i t a x i a l  GaAs s u b s t r a t e  material 

f o r  ZnSe-GaAs t r a n s i s t o r s  w a s  examined, by a t r i a l  growth run,  as a 

p o s s i b l e  means of ob ta in ing  reduced i n t e r f a c e  d i s l o c a t i o n  formation and 

improved base  l i f e t i m e .  The h i g h e s t  ga in  G a A s  homotrans is tors  have al- 

most always been r epor t ed  on e p i t a x i a l  material s i n c e  i t  appears  t o  have 

longer  l i f e t i m e s ,  h ighe r  m o b i l i t i e s ,  and fewer d e f e c t s  than equ iva len t ly  

doped bulk  material. The mobi l i ty  of t h e  material used i n  t h i s  s tudy w a s  

twice t h a t  (manufacturer ' s  claim) o f  t h e  usua l  bulk m a t e r i a l  used. No 

information on l i f e t i m e  could be  obta ined  from t h e  manufacturer (Monsanto). 

Table 111 shows t h e  m a t e r i a l  c h a r a c t e r i s t i c s  suppl ied  wi th  t h e  m a t e r i a l .  

Subs t r a t e  material w a s  Czrochralski  grown, Te  doped. Although heav i ly  

T e  doped GaAs i s  notor ious  f o r  growth s t r i a t i o n s ,  doping non-uniformit ies ,  

and p r e c i p i t a t e s ,  t h i s  epi-material was obta ined  s i n c e  i t  w a s  a v a i l a b l e .  

A w a i t  of 4-6 months w a s  a n t i c i p a t e d  i f  Sn o r  S doped n+ s u b s t r a t e  w a s  

ordered.  The 1 .4  I-m n l a y e r  w a s  t h e  l a r g e s t  t h a t  t h e  manufacturer could 

supply i n  (111)As o r i e n t a t i o n .  

ZnSe w a s  grown simultaneously upon (111)As and (100) e p i  G a A s .  

Growth morphology and growth ra te  w a s  no d i f f e r e n t  than t h a t  of bulk 

material. T r a n s i s t o r s  were made by t h e  Zn diffusion-quench technique 

(65OoC, 5 min.) .  

r e s i s t i v i t y  of 103-10 ohm-em. Gain f o r  (111) t r a n s i s t o r s  should be  

from 2-10. Table I V  shows t h e  r e s u l t i n g  t r a n s i s t o r  c h a r a c t e r i s t i c s .  

This  should g ive  basewidth of 0.25-0.30 Um and a ZnSe 
4 

The (100) t r a n s i s t o r  performed about a h a l f  t o  a t h i r d  as w e l l  as 

a good (111) bulk t r a n s i s t o r  wi th  t h e  same basewidth and ZnSe resis- 

t i v i t y .  The (111)As T r a n s i s t o r  of t h e  ep i -mater ia l  however f a i l e d  t o  

work a t  a l l ,  poss ib ly  because of i t s  l a r g e  basewidth. The reason f o r  

t h e  d i f f e r e n c e  i n  (100) and (111) basewidths i s  not  d i r e c t l y  obvious. 

Although t h e  n /n  dopings were t h e  same, t h e  n and n+ growth runs (by 

t h e  manufacturer) w e r e  d i f f e r e n t  f o r  each o r i e n t a t i o n .  Thus, t h e  

number of d e f e c t s  i n  t h e  two o r i e n t a t i o n s  could be  considerably d i f f e r -  

e n t .  P r e f e r e n t i a l  r a p i d  d i f f u s i o n  of Zn i n  t h e  (111)As sample may have 

occurred i f  d e f e c t  d e n s i t i e s  w e r e  l a r g e .  Note t h a t  t h e  low c o l l e c t o r -  

base  reverse breakdown vo l t age  could be t h e  r e s u l t  of d e f e c t s .  

+ 
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+ Table I11 P r o p e r t i e s  of E p i t a x i a l  n / n  
G d s  used f o r  ZnSepGaAs T r a n s i s t o r s  

O r i e n t a t i o n  (111) A s  

n doping, cm 1.2 x 10 ,Sn 

n doping, cm 

n r eg ion  th i ckness ,  1.4 

n reg ion  mob i l i t y ,  4900 

. 73 16 

18 2 x 10 ,Te  + -3 

lJm 

cm’/volt. s e c  

(100) 

1 . 4  x 10 ,Sn 
18 2 x 10 ,Te  

20.5 

16 

4750 

Table I V  P rope r t i e s  of T r a n s i s t o r s  made 
from E p i t a x i a l  G a A s  Subs t r a t e s  

Or i en t  a t  i o n  

ZnSe Thickness,  pm 

ZnSe R e s i s t i v i t y ,  Q-cm 

Basewidth, pm 

Gain at IE=l. OA/cm 2 

Base-Collector rev .  Breakdown 
Voltage,  Vol t s  

(100) 

2.5 

5 x 10 

. 3  

1.0 

3 

15 

(111)As 

2.5 

105 
.8 

0 

2 
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E p i t a x i a l  (100) and ( l 1 l ) A s  material w a s  examined f o r  d e f e c t s  by 

c l ean ing  i n  s o l v e n t s  and then  immersing i n  t h e  G a A s  AB d i s l o c a t i o n  e t c h .  

( P r i o r  t o  growth no p o l i s h i n g  o r  e t ch ing  w a s  done on e p i t a x i a l  material 

s i n c e  n l a y e r s  were t h i n  and t h e  s u r f a c e  w a s  mi r ro r  smooth and s c r a t c h  

f r e e . )  Figs .  14  and 1 5  show t h e  r e s u l t s .  The ( 1 1 1 ) A s  sample i s  

heav i ly  d i s l o c a t e d  (10 -108cm-2 d i s l o c a t i o n s )  wh i l e  t h e  (100) material 

appears t o  have 10 c m  d i s l o c a t i o n s .  A s c r a t c h  i s  a l s o  v i s i b l e  i n  t h e  

etched (111)As sample. The (100) sample a l s o  shows t h e  now-familiar 

s t r i a t i o n  bands. 

7 

5 -2 

Although t h e  d i s l o c a t i o n  e t c h  removes about 10 pm of material 

be fo re  s u c c e s s f u l l y  r e v e a l i n g  d e f e c t s ,  i t  i s  apparent t h a t  t h e  (111)As 

material i s  s e r i o u s l y  f a u l t e d  and should n o t  b e  used f o r  t r a n s i s t o r s .  

The (100) material has  made t h e  b e s t  (100) t r a n s i s t o r s  s o  f a r  seen 

using t h e  Zn diffusion-quench technique. 

5. SEARCH FOR LIGHT EMISSION FROM ZnSe-GaAs JUNCTIONS 

I n  o u r  las t  Quar t e r ly  Report w e  r epor t ed  t h e  absence of l i g h t  

emission from low r e s i s t a n c e  ZnSe-GaAs diodes pulsed t o  forward c u r r e n t  

d e n s i t i e s  as high as 5 x 10 A/cm . F a i l u r e  of t h e s e  devices  t o  e m i t  

l i g h t  w a s  explained by proposing t h a t  t h e  900°C Zn d i f f u s i o n  s t e p  and 

the 650°C quench provided too many d e f e c t  states i n  t h e  G a A s  band gap 

t o  a l low r a d i a t i v e  recombination t r a n s i s t o r s .  This w a s  supported by 

I-V d a t a ,  s i n c e  t h e  forward c u r r e n t  varies as I ole 

temperature  independent,  implying a p o s s i b l e  d e f e c t  c u r r e n t  t r a n s p o r t  

mechanism w i t h  l i t t l e  e l e c t r o n  i n j e c t i o n  i n t o  t h e  GaAs.  

4 2 

where A is  AV f 
f 

It w a s  proposed t h a t  ZnSe-GaAs diodes and t r a n s i s t o r s  f a b r i c a t e d  

a t  lower temperatures  (650°C) may prove t o  be  b e t t e r  l i g h t  emitters 

because (1) ZnSe-GaAs t r a n s i s t o r s  show c u r r e n t  gain i n d i c a t i n g  e l e c t r o n  

i n j e c t i o n  i n t o  GaAs and (2) less i n t e r f a c i a l  s t r a i n  and m i s f i t  d i s l o -  

c a t i o n s  w i l l  b e  p r e s e n t  s o  t h a t  non-radiat ive recombination c e n t e r s  are 

minimized. 

s i n c e  t h e  l a r g e  valence band d i s c o n t i n u i t y  p reven t s  h o l e  i n j e c t i o n  i n t o  

t h e  ZnSe. Consequently, emi t t ed  r a d i a t i o n  energy should be  a t  o r  

s l i g h t l y  less than t h e  GaAs band gap (1.35 e V ) .  The main problem w i t h  

t h e s e  devices  i s  t h a t  t h e  h igh  ZnSe r e s i s t i v i t y  (10 ohm-cm) limits 

t h e  maximum c u r r e n t  d e n s i t y  t h a t  can b e  a p p l i e d .  

A l l  i n j e c t i o n  and recombination i s  presumably i n  t h e  G a A s  

3 
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Fig, 14 (11l)As Epi GaAs material a f t e r  AB d i s l o c a t i o n  e t c h .  

Fig. 15 (1OO)Ep-i GaAs material a f t e r  AB d i s l o c a t i o n  e t c h .  
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During t h i s  q u a r t e r  w e  examined h i g h - r e s i s t i v i t y  ZnSe-GaAs diodes 

and t r a n s i s t o r s  f o r  l i g h t  emission. Devices were mounted f l u s h  wi th  

the f r o n t  of a 7102 p h o t o m u l t i p l i e r  tube which has a S1 response 

( s e n s i t i v e  t o  0 . 3  pm <wavelength<l.2pm). This tube  w a s  s p o t  checked 

by i n s e r t i n g  a GaP e l ec t ro luminescen t  diode i n  f r o n t  of  i t .  The GaP 

diode w a s  pulsed w i t h  and without  a 10  m i l  t h i c k  G a A s  f i l t e r  between 

i t  and t h e  PM tube.  I n  both cases t h e  PM tube  w a s  e a s i l y  s a t u r a t e d  

i n d i c a t i n g  t h a t  i t  d i d  respond t o  n e a r  GaP and G a A s  band-gap r ad ia -  

t i o n  and w a s  q u i t e  s e n s i t i v e .  When ZnSe-GaAs devices  were p laced  i n  

f r o n t  of t h e  PM tube  and pu l sed ,  l i g h t  emission w a s  n i l .  Maximum 

pulsed c u r r e n t  d e n s i t i e s  ranged from 2 x 10  A / c m  t o  5 x 10  A/cm 

depending on t h e  device.  

3 2 4 2 

Table V l ists  dev ice  p r o p e r t i e s  and experimental  parameters f o r  

t h e  dev ices  t e s t e d .  ZnSe-GaAs diodes w e r e  f a b r i c a t e d  by growing ZnSe 

upon ( 1 1 1 ) A s  bu lk  p-type GaAs ( . 0 3  ohm-cm, Zn) , e t c h i n g  mesas ( t o  

reduce s u r f a c e  c u r r e n t s )  and applying I n  c o n t a c t s .  ZnSe-GaAs t r a n s i s -  

t o r s  were a l s o  mesa etched and made by bo th  t h e  650°C quench and Zn 

vapor-slow-cool methods. 

c o l l e c t o r  j u n c t i o n s  were examined i n  t r a n s i s t o r s .  This w a s  done s i n c e  

recombination p rocesses  should b e  similar a t  bo th  j u n c t i o n s  because 

t h e  basewidth i s  only 0.2-0.75 pm. The r e s u l t s  from bo th  j u n c t i o n s  

serve as a c r o s s  check on each o t h e r .  However, no trace of l i g h t  w a s  

observed from e i t h e r  j u n c t i o n .  This  i n d i c a t e s  a non-radiat ive recombina- 

t i o n  mechanism i n  t h e  base -co l l ec to r  r eg ion  of the G a A s .  

Note t h a t  both emit ter-base and base- 

It i s  d i f f i c u l t  t o  estimate t h e  i n j e c t i o n  c a p a b i l i t i e s  of t h e  

emitter and c o l l e c t o r  a t  t h e  high c u r r e n t  levels used. T r a n s i s t o r  

c h a r a c t e r i s t i c s  cannot b e  measured above I =20 mA due t o  l a r g e  emitter 

r e s i s t a n c e .  However, s i n c e  g a i n  i s  seen ,  some i n j e c t i o n  i s  occur r ing .  

Gain and i n j e c t i o n  i n c r e a s e  w i t h  I Both emit ter-base and c o l l e c t o r -  E '  
ba se  forward I - V  curves  a t  low c u r r e n t  are of t h e  form If aYf where 

I f < l m A  and A is  n e a r l y  temperature independent which i s  sugges t ive  of 

t h e  absence of over- the-barr ier  i n j e c t i o n .  

B 

Y e t  some i n j e c t i o n  does 

occur a t  I E < l m A  (See TR-23 and TR-24 i n  Fig.  10 f o r  an emitter area of 

4.410 c m  ). -e 2 Thus , I -V c h a r a c t e r i s t i c s  are n o t  t o t a l l y  r e l i a b l e  f o r  

p r e d i c t i n g  i n j e c t i o n  a b i l i t y .  
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Device 

CS-61 

CS-61 

TR-21 

TR-23 

TR-23 

TR-24 

TR-24 

TR-24 

L) 
3 

TR-24 

Method of 
ZnSe Doping 

Slow-Zn-cool 

Slow-Zn-cool 

Quench 

S low-Zn-cool 

Slow-Zn-cool 

Slow-Zn-cool 

Slow-Zn-cool 

Slow-Zn-cool 

Slow-Zn-cool 

Table V Summary of Proper t ies  of Devices Examined f o r  Light Emission 

&&eft 
3 Y Junc t ion  Basewidth Effec t ive  

Pulsed Or ien ta t ion  p ZnSe cont .diameter A/ cm 
m i l s  h f e  ohm-cm 

Zn Se-GaAs 

ZnSe-GaAs 

ZnSe-GaAs 

ZnSe-GaAs 

G a l s  pn 

Zn Se -GaAs 

ZnSe-GaAs 

G a A s  pn 

G a A s  pn 

(111)As 

(111) A s  

(111)Ga 

(111)As 

( 11 1 )  A s  

(100) 

(111)As 

100 

(111)As 

lo5  2 

l o 4  50 

l o 4  50 

5 lo3 2 

5 x 10 3 1  

5 l o 3  2 

5 x 10 3 1  

- 

- 
.75 

.25 

.25 

.70 

.70 

.70 

.70 

8 

114-112 

114-112 

112-1 

4 

8 

8 

4 

4 

8 x l o 3  2 

5 l o 4  ,05 

2 l o 4  .02 

5 l o 3  .02 

1.5 l o 4  2 

2 l o 3  .5 

2 l o3  , 5  

4 
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Note: The ZnSe thicknesses  were about 2.5 Vm. The cur ren t  pulse  width w a s  about 2 Usec 



An at tempt  w a s  made t o  measure t h e  i n j e c t i o n  e f f i c i e n c y  of t h e  

Low i n j e c t i o n  e f f i c i e n c y  may b e  p a r t  G a A s  base -co l l ec to r  j u n c t i o n .  

of t h e  exp lana t ion  f o r  no l i g h t  emission from t h i s  j u n c t i o n .  The 

ZnSe-GaAs t r a n s i s t o r  w a s  turned around so  t h a t  t h e  ZnSe w a s  t h e  

c o l l e c t o r ,  and t h e  n-type GaAs w a s  t h e  e m i t t e r .  I n  normal o p e r a t i o n  

t h i s  t r a n s i s t o r  had a maximum ga in  of 2 a t  1 - 2 0  mA w i t h  basewidth 

0.7 pm. With reverse o p e r a t i o n  a cons t an t  ga in  of 5 x 10 w a s  found 

a t  base  c u r r e n t s  as h igh  as 200 mA i n d i c a t i n g  t h a t  e l e c t r o n  i n j e c t i o n  

i n t o  t h e  base  r eg ion  w a s  low, even a t  h igh  c u r r e n t s .  Hole i n j e c t i o n  

i n t o  t h e  n type GaAs could n o t  b e  checked, b u t  s i n c e  t h e  base  doping 

is  l a r g e r  than t h a t  of t h e  c o l l e c t o r  (n G a A s ) ,  h o l e  i n j e c t i o n  i s  

f avorab le  and t h i s  a long w i t h  d e f e c t s  may b e  r e s p o n s i b l e  f o r  t h e  low 

e l e c t r o n  i n j e c t i o n .  

-4 B- 

Since most r e p o r t s  i n d i c a t e  t h a t  e l e c t r o n  i n j e c t i o n  on t h e  p s i d e  

of GaAs diodes i s  r e s p o n s i b l e  f o r  good i n j e c t i o n  electroluminescence,  

t h e  low e l e c t r o n  i n j e c t i o n  a b i l i t i e s  of t h e  base -co l l ec to r  j u n c t i o n  may 

be  r e s p o n s i b l e  f o r  t h e  l a c k  of l i g h t  emission. Also d i s l o c a t i o n  in -  

duced states i n  t h e  band gap may provide an abundance of non-radiat ive 

recombination paths .  

Returning t o  Table V one n o t e s  t h a t  some devices  had ve ry  s m a l l  

e f f e c t i v e  c o n t a c t  diameters  which l e a d  t o  h igh  c u r r e n t  d e n s i t i e s  

(2 - 5 x 10  A / c m  ) f o r  c u r r e n t s  of 20-50 mA. Even under t h e s e  condi- 

t i o n s  no l i g h t  w a s  observed. I f  more c u r r e n t  w a s  app l i ed ,  t h e  ZnSe 

broke down and remained a dead s h o r t .  Fig.  16 shows t h e  ZnSe c o n t a c t  

area of a s h o r t e d  diode a f t e r  t h e  10 m i l  I n  do t  w a s  removed. The 

c i r c u l a r  r i n g  r e p r e s e n t s  t h e  pe r iphe ry  of t h e  c o n t a c t  area w h i l e  t h e  

dark s p o t s  are s h o r t e d  ZnSe. 

p h y s i c a l l y  covered t h e  area i n s i d e  t h e  r i n g ,  electrical  c o n t a c t  w a s  

made only where t h e  ZnSe shor t ed  o u t .  

ZnSe broke down due t o  excess ive  electric f i e l d ,  even when 40 pps - 0.5 

ps p u l s e s  w e r e  a p p l i e d  ( i n d i c a t i n g  t h a t  t h i s  i s  n o t  a h e a t i n g  e f f e c t ) .  

This problem w a s  remedied by I n  a l l o y i n g  a t  325"C-350°C f o r  20 sec. 

r a t h e r  than t h e  normal 300°C f o r  10 sec. Electr ical  c o n t a c t  area then 

corresponded t o  p h y s i c a l  c o n t a c t  area, and no ZnSe s h o r t i n g  occurred. 

This new c o n t a c t i n g  procedure w i l l  b e  employed on a l l  f u t u r e  devices .  

4 2 

It i s  b e l i e v e d  t h a t ,  al though t h e  con tac t  

A t  h igh c u r r e n t  d e n s i t i e s  t h e  
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Fig. 1 6  ZnSe Contact Area Af ter  Pulsing t o  50 mA (TR-21) 50X. 
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6. OTHER GROWTH STUDIES WITH THE H C 1  TRANSPORT SYSTEM 

a) Growth of ZnS Upon GaP 

The growth of ZnS upon (111)B o r i e n t e d  GaP w a s  s u c c e s s f u l l y  accom- 

p l i s h e d  us ing  t h e  H C 1  close-spaced system. This  c l o s e l y  p a r a l l e l s  ou r  

previous success  w i t h  ZnSe grown upon Gap. Although ZnS c r y s t a l l i z e s  

i n  t h e  hexagonal s t r u c t u r e ,  i t s  l a t t i c e  match t o  cub ic  GaP is  q u i t e  

good f o r  (lll), (0001) growth p l anes  (.5% mismatch). Fig.  1 7  shows 

t h e  ZnS growth morphology f o r  t h e  growth cond i t ions  l i s t e d  below. 

Seed (Gap) Temp. 650°C 

Source (ZnS) Temp. 780'C 

HC1 Conc. .04% 

Growth R a t e  3.0 pm/hr. 

ZnS Thickness 3.5 pm 

Source ZnS Doping 1 0 l 8  G a / ~ m - ~  

Seed GaP Doping 2 x ~ n / c m - ~  

Grown ZnS R e s i s t i v i t y  l o 8  ohm-cm 

The grown l a y e r  could b e  s e l e c t i v e l y  removed w i t h  concentrated HC1 

r e v e a l i n g  a smooth e t ch - f r ee  GaP s u r f a c e  s imilar  t o  t h a t  b e f o r e  growth. 

This i s  shown i n  Fig.  18. Note t h a t  t h e  H C 1  has  revealed i n t e r f a c i a l  

s t r a i n  l i n e s  i n  t h e  Gap, i n d i c a t i n g  t h a t  t h i s  h e t e r o j u n c t i o n  p a i r  i s  

under cons ide rab le  s t r a i n  and may n o t  b e  a b l e  t o  undergo any r a p i d  

temperature  v a r i a t i o n s  wi thou t  cracking.  However no c racks  were ob- 

served i n  t h e  ZnS grown l a y e r  t h a t  we  obtained.  

The ZnS r e s i s t i v i t y ,  as-grown, i s  very high s i n c e  ZnS behaves as 

ZnSe does and achieves almost complete Zn vacancy compensation of donors 

a t  growth temperatures.  An at tempt  w a s  made t o  reduce as-grown ZnS 

r e s i s t i v i t y  by pass ing  z i n c  vapor ove r  t h e  grown l a y e r  as it slowly 

cooled i n  t h e  growth system. This i s  t h e  same method desc r ibed  i n  t h e  

ZnSe-GaAs t r a n s i s t o r  s e c t i o n .  It produced ZnS l a y e r s  w i t h  resist ivit ies 

between lo5 - 10  ohm-cm, i n d i c a t i n g  e i t h e r  t h a t  (1) t h e  Zn s t e p  i s  n o t  

e f f i c i e n t  i n  removing Zn vacancies;  (2)  t h e  G a  sou rce  ZnS dopant i s  n o t  

t r a n s p o r t i n g ;  o r  (3) accep to r  i m p u r i t i e s  i n  t h e  ZnS source  are r e a d i l y  

t r a n s p o r t i n g  and compensating t h e  donors. 

w e  know r e l a t i v e l y  l i t t l e  about t h e  temperature r equ i r ed  f o r  removal of 

Zn vacancies  from ZnS and i t  remains t o  b e  examined whether i t  might b e  

6 

With regard t o  p o s s i b i l i t y  (1) 
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Fig .  1 7  ZnS As-Grown Surface (Cs-58, 250X) 

F ig .  18 ZnS-GaP i n t e r f a c e  wi th  t h e  ZnS p a r t i a l l y  removed 
(CS-58 250X) 
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h ighe r  than  f o r  z i n c  vacancy suppres s ion  i n  ZnSe. 

b i l i t i e s ,  i nvo lv ing  dopant t r a n s p o r t a t i o n ,  several t h i n g s  may b e  t r i e d .  

The ZnS source  w a s  n o t  g e t t e r e d  i n  Zn t o  remove r e s i d u a l  accep to r  

i m p u r i t i e s .  

grown ZnS r e s i s t i v i t y  noted.  Also i t  i s  a w e l l  known f a c t  t h a t  G a  i s  

a deep-donor i n  ZnS whereas A 1  is  a shal low donor. 

runs w i l l  a l s o  b e  done wi th  g e t t e r e d  Al-doped ZnS sources .  

n o t  t r a n s p o r t  w i th  ZnSe, b u t  t h e r e  i s  always a chance t h a t  ZnS may 

prove more s u c c e s s f u l .  

On t h e  o t h e r  possi-  

I n  t h e  f u t u r e  t h i s  w i l l  b e  done, and t h e  improvement i n  

Consequently f u t u r e  

A 1  does 

We hope t o  make more ZnS/GaP growths during t h e  nex t  q u a r t e r  and 

e v a l u a t e  t h e i r  e l ec t r i ca l  p r o p e r t i e s .  

b )  Growth of ZnTe upon GaSb 

Two a t t empt s  were made t o  grow pZnTe upon nGaSb i n  t h e  HC1 c lose-  

spaced system. ZnTe and GaSb have an e x c e l l e n t  l a t t i ce  match (.13% 

mismatch) and t h e  ZnTe r e t a i n s  i t s  p type conduc t iv i ty  a f t e r  h e a t i n g  

(i.e. Zn vacancies  c o n t r i b u t e  t o  conduc t iv i ty  r a t h e r  than causing a 

severe autocompensation e f f e c t  as i n  ZnSe and ZnS), However t h e  two 

a t t empt s  a t  growth w e r e  f a i l u r e s .  Although t h e  GaSb w a s  p r o t e c t e d  by 

S i 0  on i t s  f i v e  non-growth f a c e s ,  severe e t c h i n g  occurred a t  seed 

temperatures  of 550°C and 650°C. 

of 670°C and 780°C 6 vm of ZnTe w a s  e tched away and mostly depos i t ed  on 

t h e  b locks  around t h e  GaSb b u t  n o t  on i t .  GaSb e t ch ing  w a s  t o o  severe 

t o  al low growth. 

2 
A t  t h e  corresponding source  temperatures 

Success fu l  growth of ZnTe upon GaSb i n  t h e  H C 1  close-spaced system 

i s  doub t fu l .  The very lowest H C 1  concen t r a t ions  (.02-.04%) were used 

f o r  t h e  two runs t o  minimize t h e  e t c h i n g  of t h e  seed i f  H C 1  i s  r e s p o n s i b l e  

f o r  i t .  

s t i l l  occurr ing.  Lower seed temperatures w i l l  probably no t  reduce t h e  

e t c h i n g  problem enough s i n c e  t h e  amount of e t c h i n g  does n o t  appear t o  be  

decreasing ( e t ch ing  of GaSb was as pronounced a t  550°C as a t  650°C). 

Furthermore, lower seed temperatures  i n c r e a s e  t h e  p r o b a b i l i t y  of  poly- 

c r y s t a l l i n e  growth and n e c e s s i t a t e  lower sou rce  temperatures lowering 

t h e  e t c h  rate of ZnTe. 

without  gross  mod i f i ca t ion  of t h e  growth system. 

The seed  temperature w a s  lowered t o  550°C wi th  s e r i o u s  e t c h i n g  

Lower H C 1  concen t r a t ions  are n o t  f e a s i b l e  
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From o t h e r  growth s t u d i e s  with ZnTe no t  involv ing  HC1 w e  have found 

e t ch ing  of va r ious  s u b s t r a t e s  t o  occur .  Therefore  i t  appears  p o s s i b l e  

t h a t  T e  from t h e  ZnTe could b e  the  agent r e spons ib l e  f o r  e t ch ing  of t h e  

GaSb. W e  have d iscont inued  t h e s e  growth a t tempts .  

7. LOW TEMPERATURE GROWTH OF G e  ON GaAs BY I O D I N E  TRANSPORT 

During t h i s  q u a r t e r  work w a s  completed on a l t e r i n g  and recharg ing  

of t h e  i o d i n e  source  column. I n  t h e  f i n a l  growth runs of t h e  l a s t  

q u a r t e r  i t  had become apparent  t h a t  t h e  i o d i n e  vapor w a s  no t  coming 

t o  equi l ibr ium s a t u r a t i o n  i n  t h e  c a r r i e r  gas  stream before  pass ing  t o  

t h e  hydrogen iod ide  conver te r .  This r e s u l t e d  i n  lower growth rates and 

accompanying h ighe r  dopant i nco rpora t ion  i n t o  t h e  grown l a y e r s .  Before 

t h e  column was removed from t h e  sys t em,  however, a series of manometer 

measurements w e r e  made t o  determine t h e  p re s su re  of t h e  c a r r i e r  gas mix-  

t u r e  a t  t h e  dopant flow meter tap-off on t h e  low p res su re  s i d e  of t h e  

hydrogen and helium needle  valves. These measurements have been used 

t o  c a l i b r a t e  t h e  dopant c a r r i e r  flow as a func t ion  of t h e  main flows. 

Previous ly  dopant flows had been set  assuming independence from t h e  

main carrier flow rates; t h e s e  measurements i n d i c a t e  an interdependence 

of t h e s e  f lows,  p a r t i c u l a r l y  a t  l o w e r  dopant flow readings.  Since most 

runs have been made a t  a s i n g l e  s e t  of carrier flows and dopant flows 

above t h e  range of  s t r o n g  interdependence,  t h i s  e f f e c t  had been neglec ted .  

The iod ine  column w a s  removed from t h e  system, the  remnants of t h e  

f i r s t  i o d i n e  charge d i s so lved  from it, and t h e  pyrex f i l l e r  beads re- 

moved. A thermocouple tube  running t h e  l eng th  of t h e  column w a s  broken 

a t  one end and w a s  r epa i r ed .  Af t e r  winding of t h e  column h e a t e r ,  t h e  

column w a s  cleaned and r e i n s t a l l e d .  

manium showed i t  t o  be  p r e s e n t  i n  adequate amount. 

l e a k  check 

iod ine  w a s  loaded wi th  i t s  f i l l e r  beads and t h e  f i l l i n g  tube  sea led .  

The column was then evacuated f o r  two hours  t o  remove water vapor picked 

up by t h e  i o d i n e  during loading.  Heating of t h e  hydrogen i o d i d e  conver te r  

t o  8OoC prevented apprec iab le  iod ine  d i f f u s i o n  from t h e  column while  

a l lowing w a t e r  vapor t o  be  pumped out .  This  i s  p o s s i b l e  s i n c e  t h e  vapor 

p re s su re  of water i s  30 t o  80 times t h a t  of i o d i n e  a t  t h e  temperatures  

involved . 

A v i s u a l  check of t h e  source  ger- 

Following t h i s  a 

showed t h e  column t o  be  t i g h t .  The new charge of 1 kilogram 
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A purging run  w a s  then made t o  b r i n g  t h e  column up t o  p r e s s u r e  and 

t o  b r i n g  t h e  s u r f a c e  of  t h e  germanium t o  growth c l e a n l i n e s s .  

doped runs  w e r e  made w i t h  growth rates comparable t o  t h a t  of t h e  previous 

f u l l y  charged column b u t  w i th  a r e s i s t i v i t y  s u b s t a n t i a l l y  lower than t h e  

b e s t  previous undoped growths. 

t h e  water vapor had n o t  been purged from t h e  column. 

purging run ,  i t  became apparent  t h a t  a g ross  leak had developed; a 

c l o s e r  i n s p e c t i o n  showed t h a t  t h e  bottom of t h e  pyrex column had been 

cracked h a l f  way around. It i s  thought t h a t  an omit ted anneal ing s t e p  

when t h e  thermocouple tube  r e p a i r  w a s  made along w i t h  t h e  impact of t h e  

pyrex beads and i o d i n e  f a l l i n g  t h e  l e n g t h  of t h e  column during load ing  

caused a s m a l l  c r ack  which w a s  f u r t h e r  enlarged wi th  t h e  thermal cyc1in.g 

of t h e  column during each success ive  run. 

Two un- 

It w a s  a l s o  apparent  v i s u a l l y  t h a t  a l l  

With a f u r t h e r  

A s  a r e s u l t  of t h e s e  expe r i ences ,  a new column w a s  f a b r i c a t e d  

e n t i r e l y  of q u a r t z  w i t h  a q u a r t z  hydrogen i o d i d e  conve r t e r  a t t a c h e d  and 

quartz-to-Pyrex graded j o i n t s  t o  t h e  pyrex i n l e t  and o u t l e t  valves. 

The new column w a s  i d e n t i c a l  i n  des ign  t o  t h e  previous one w i t h  t h e  

conve r t e r  placed a t  a g r e a t e r  d i s t a n c e  from t h e  column t o  reduce in- 

t e r n a l  t r a n s p o r t  of i o d i n e  from t h e  h o t t e r  t o  t h e  c o o l e r  i n n e r  w a l l  

s i d e s .  A f t e r  h e a t e r s  were wound, t h e  column w a s  wrapped i n  an i n s u l a -  

t i n g  jacket t o  a i d  i n  t h e  same reduc t ion .  Following c l ean ing  and l e a k  

checking of t h e  new column, a f r e s h  supply of beads and a new 1 kilogram 

charge of i o d i n e  w a s  loaded i n  such a way as t o  prevent  t h e  f i r s t  

material from impacting t h e  bottom of t h e  column. A f t e r  t h e  f i l l e r  t ube  

of t h i s  column w a s  s e a l e d  wi th  a q u a r t z  plug,  t h e  column w a s  evacuated 

as b e f o r e  (with t h e  hydrogen i o d i d e  conve r t e r  a t  80°C) and l e f t  being 

pumped on overnight  t o  remove t h e  l a s t  traces of w a t e r  vapor. 

A purging run w a s  followed by an undoped growth run which aga in  

gave a growth rate i n d i c a t i v e  0 f . a  carrier gas  flow s a t u r a t e d  w i t h  

i o d i n e  vapor. 

which approaches t h e  b e s t  previous undoped growths. Material h a s  been 

The r e s i s t i v i t y  of t h i s  growth w a s  0.5 ohm c m  (n-type) 

po l i shed  i n  p r e p a r a t i o n  f o r  fol lowing doped growths. I n  a d d i t i o n ,  a 

sampling o s c i l l o s c o p e  i s  being inco rpora t ed  i n t o  a set-up f o r  p u l s e  

i n j e c t i o n l r e c o v e r y  measurements on p rev ious ly  grown and f a b r i c a t e d  diodes.  
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